The first 1 H, 13 C, 31 P and 11 B solid state MAS NMR studies of electron-deficient carborane-containing ruthenium and osmium complexes [Ru/Os(p-cym)(1,2-dicarba-closo-dodecaborane-1,2dithiolate)] are reported. The MAS NMR data from these 16-electron complexes are compared to those of free carborane-ligand and an 18-electron triphenylphosphine ruthenium adduct, and reveal clear spectral differences between 16-and 18-electron organometallic carborane systems in the solid state.
Introduction
The icosahedral structure of dicarba-closo-dodecaborane (boron-and carbon-cluster; C 2 B 10 H 12 ) results in a slight negative polarization of the 10 hydrogen atoms. [1] [2] [3] These clusters contain characteristic non-classical bonding interactions: the hexacoordination of the carbon and boron atoms results in electron-deficient bonding and spreading of the bonding power of a pair of electrons over more than two atoms. 4 The aggregation of atoms in 3-centre-2-electron bonding compensates for this low electron density. 5 The electron-deficient complexes [Ru/Os( p-cym)(1,2-dicarba-closo-dodecaborane-1,2dithiolate)] (2 and 3 in Fig. 1 ) were reported in 2000, 6 and although the osmium complex has been characterised by X-ray crystallography, there is no corresponding crystal structure of the ruthenium analogue. Furthermore, such stable 16-electron complexes react with Lewis bases (e.g. aromatic amines and phosphines) to give 18-electron complexes, such as complex [Ru( p-cym)(1,2-dicarba-closo-dodecaborane-1,2-dithiolate)(triphenylphosphine)] (4, Fig. 1 ). [6] [7] [8] [9] [10] [11] [12] Recently, we reported that in dichloromethane and chloroform solutions at ambient temperature, the blue 16-e complex 2 readily forms adducts with aromatic amines to give the corresponding yellow 18-electron adducts, and the thermal displacement of this equilibrium results in marked thermochromic properties. 13 Here, we investigate the use of 1D 1 H, 13 C, 31 P and 11 B MAS, and 2D 11 B multiple quantum MAS (MQMAS) NMR spectroscopy to characterise 16-and 18-electron dithiocarborane ruthenium and osmium arene complexes 2-4. This methodology is of particular interest for investigating structural and electronic effects in arene metal carborane complexes which are not readily crystallisable. Furthermore, this approach is particularly useful for avoiding the coordination of donorsolvents in solution so ensuring the integrity of the 16-electron complexes.
Results and discussion
Free ligand 1 was synthesised by reaction of dicarba-closododecaborane with two mol equiv of n-butyl lithium (nBuLi) in dry THF under nitrogen and by addition of sulfur powder. After removal of the solvent, the compound was used without further purification. The 1 H MAS NMR spectrum of 1 shows the proton resonance of the BH vertices at 5.0 ± 0.1 ppm, along with a broad signal at 2.3 ± 0.2 ppm (Table 1) . Similarly, a 13 C MAS NMR resonance assignable to the carborane carbon atoms was found at 94.7 ± 0.1 ppm in the spectrum of 1, similar to the shift in solution (Table 2) , while three other signals were observed at 69.4 ± 0.1, 26.0 ± 0.1 and 15.1 ± 0.1 ppm. No attempt was made to assign the latter peaks, but they may belong to other sulphide species in the reaction mixture.
The 16-electron complexes 2 and 3 were synthesised following a published procedure, 6 involving the reaction of ligand 1 with the corresponding ruthenium or osmium dimer [Ru/Os-( p-cym)Cl 2 ] 2 under a nitrogen atmosphere. After purification by column chromatography on silica gel, the two compounds were isolated as powders. Both 1 H and 13 C MAS NMR spectra of 2 and 3 are characterised by similar resonances. The 1 H MAS NMR resonances of the two complexes are broad and unresolved, but display the same overall characteristics of a strongly dipolar-coupled system, while the corresponding 13 C MAS NMR spectra are remarkably well resolved. The carbon signals of the carborane ligand are found at 101.8 ± 0.1 and 98.7 ± 0.1 ppm, for 2 and 3 respectively. The CH carbon signal of the para-cymene ligand is observed at 34.7 ± 0.1 and 35.2 ± 0.1 ppm for 2 and 3, respectively, while the methyl carbons of the methyl and isopropyl groups are found at 27.0 ± 0.1, 22.4 ± 0.1, 21.7 ± 0.1 ppm, respectively. As expected, six signals are observed for the aromatic carbons of the arene ligand. These data are summarised in Table 1 and shown in Fig. 2 .
The 18-electron complex 4, synthesised by addition of triphenylphosphine to 2, according to literature, 6 also exhibits a well-resolved 13 comparison to the corresponding resonances for 2 and 3 which are observed at ∼100 ppm. This shift may arise from the loss of pseudo-aromaticity between 16-and 18-electron species and elongation of the C-S bonds. X-ray crystal structures of the electron-deficient osmium-carborane complex 3 (CCDC 166814) 14 and 18-electron ruthenium complex 4 (CCDC 136420) 6 have been previously reported. This carborane 13 C MAS NMR resonance might therefore be a useful probe for the 16-or 18-electron configurations of an arene metal carborane complex, and suggests that the complex 2, for which no X-ray crystal structure is available, is indeed an electron-deficient complex in the solid state. The chemical shifts of most of the 13 C signals observed in CDCl 3 solution (Table 2 ) are very similar to those observed in the solid state and also are in accord with previous SSNMR studies on arene ruthenium complexes (Table 3) . 15 Clear NMR spectroscopic differences between 16-and 18-electron complexes are also observed from the 1D 11 B MAS and 2D 11 B multiple quantum magic angle spinning (MQMAS) NMR data of complexes 2-4 (see Fig. 3 ). 2D MQMAS NMR experiments on half-integer quadrupolar nuclei often provide increased resolution as the narrower central transition resonances are distributed along a second dimension. [16] [17] [18] The 2D Fig. 3 where one major resonance is observed at 32.5 ± 0.1 ppm; this 31 P shift for PPh 3 is located further downfield and deshielded in comparison to other transition metal PPh 3 adducts involving Cu and Ag. 19, 20 This observation is also in agreement with corresponding 31 P solution NMR measurements where a similar shift at 31.19 ppm is observed for complex 4 in CDCl 3 solution.
Solid state MAS NMR spectroscopy has been only rarely employed for the study of the molecular structures of ruthenium and osmium complexes and carborane-containing systems. Some reported examples of MAS and static NMR studies for such compounds are listed in Table 3 . This study demonstrates that MAS NMR spectroscopy is a potentially powerful tool for probing the electronic structures of arene metal carborane complexes in the solid state, and highlights some particular spectral characteristics, which can aid differentiation between 16-and 18-electron systems. Further work is needed to elucidate the nature of the dynamic motion which appears to be associated with the carborane cage and its pendant metallocene linker for the 16-electron complexes 2 and 3 (in comparison to their 18-electron counterpart 4), as initially observed through the 11 
Conclusions
The interconversion of 16-and 18-electron organometallic arene complexes is of particular importance in the design of Ru catalysts, e.g. for azide-alkyne cycloaddition reactions, 27 racemisation of aromatic and aliphatic secondary alcohols, 28 and for transfer hydrogenation. 29 The conversion from 16-to 18-electron carborane-containing organometallic complexes has also been shown to be a useful synthetic strategy for (4) were based on a previous report. 6 All the complexes were purified by column chromatography on silica gel, using a mixture 2/1 hexanedichloromethane. The purity of the complexes was assessed by 1 H NMR spectroscopy in CDCl 3 and was in accord with previous reports.
Methods and instrumentation
All 13 C MAS NMR data were acquired at 11.7 T using a Bruker Avance III spectrometer ( 13 C Larmor frequency of 125.76 MHz). The 1 H-13 C cross-polarisation experiment was used in each case, with these measurements being performed using a Bruker 4 mm triple-channel HXY probe operating at a MAS frequency of 10 kHz. An initial 1 H π/2 excitation pulse of 2.5 μs, a Hartmann-Hahn contact period of 1 ms and a recycle delay of 3 s were used throughout. All 13 C isotropic chemical shifts were referenced to the primary reference of TMS via the secondary reference of solid alanine. referenced to NaBH 4 and do not represent isotropic values as they remain uncorrected for second order quadrupole effects. The corresponding 2D 11 B MQMAS NMR data were acquired at 14.1 T using a Bruker Avance II+ spectrometer and a Bruker 3.2 mm triple-channel HXY probe operating at a MAS frequency of 20 kHz. A 3Q Z-filtered experiment was used with a recycle delay of 4 s. Finally, all 1 H MAS NMR measurements were undertaken using a Bruker Avance II+ spectrometer ( 1 H Larmor frequency of 600.1 MHz) and a Bruker 2.5 mm triple channel HXY probe operating at a MAS frequency of 30 kHz. A single pulse experiment was used employing a 1 H π/4 excitation pulse of 2 μs and a recycle delay of 30 s. All 1 H chemical shifts were referenced to the primary reference of TMS.
